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<y . Abstract 

We report on measurements of the triple-gauge-boson couplings of the W boson 
in e + e~ collisions with the L3 detector at LEP. W-pair, single-W and single-photon 
events are analysed in a data sample corresponding to a total luminosity of 76.7 pb _1 
collected at centre-of-mass energies between 161 GeV and 183 GeV. CP-conserving 
as well as both C- and P-conserving triple-gauge-boson couplings are determined. 
The results, in good agreement with the Standard-Model expectations, confirm the 
existence of the self coupling among the electroweak gauge bosons and constrain its 
structure. 
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1 Introduction 

During the 1996 and 1997 data taking periods, the centre-of-mass energy, y/s, of the e + e~ 
collider LEP at CERN was increased from 161 GeV to 172 GeV and 183 GeV. These energies 
are well above the kinematic threshold of W-boson pair production, e + e~ — > W + W~. 

W-pair production, single-W production (e + e~ — > Wei/) and single-photon production 
(e + e~ — > vi/'y) all depend on the trilinear self couplings among the electroweak gauge bosons 7, 
W and Z pQ . The non-Abelian gauge structure of the electroweak theory implies the existence 
of the triple-gauge-boson vertices 7WW and ZWW [2]. 

To lowest order within the Standard Model |2] (SM), three Feynman diagrams contribute to 
W-pair production, the s-channel 7 and Z-boson exchange and the t-channel v e exchange. The 
s-channel diagrams contain the 7WW and ZWW vertices. At present centre-of-mass energies, 
single-W production is sensitive to the electromagnetic gauge couplings only. The 7WW vertex 
appears in one of the contributing t-channel Feynman diagrams in Wez/ production, and domi- 
nates the corresponding diagram containing the ZWW vertex. Radiation of a photon from the 
t-channel exchanged W boson in the process e + e~ — > v e v e becomes significant for centre-of-mass 
energies far above the Z pole and involves as well the 7WW vertex. 

In general the vertices 7WW and ZWW are parametrised in terms of seven triple-gauge- 
boson couplings (TGCs) each |3J, too many to be measured simultaneously. Regarding only 
CP-conserving couplings and assuming electromagnetic gauge invariance, six TGCs remain, 
which are gf, g%, k 7 , A 7 , kz and Az- Within the SM, g\ = k 7 = kz = 1 and g\ = A 7 = Az = 
at tree level. Except gf these TGCs also conserve C and P separately. 

Assuming custodial SU(2) symmetry leads to the constraints A/tz = Agf — Ak 7 tan 2 9 W and 
Az = A 7 jlHIj, where A denotes the deviation of the TGC from its SM value and 9 W is the 
weak mixing angle. When these constraints are applied, the remaining three TGCs, gf, k 1 and 
A 7 , correspond to the operators in a linear realization of a gauge-invariant effective Lagrangian 
that do not affect the gauge-boson propagators at tree level 0. The TGCs are related to the 
three a couplings used in our previous publications jHUHjo 

Alternatively, it is interesting to study the TGCs gf, k 7 and k z , imposing A 7 = Az = 0. 
This set corresponds to the operators of lowest dimensionality in the non-linear realization of 
a gauge-invariant effective Lagrangian, necessary in the absence of a light Higgs boson [7] . 

In this article we report on measurements of TGCs of the W boson in data samples corre- 
sponding to total luminosities of 10.9 pb _1 , 10.3 pb _1 and 55.5 pb _1 collected at centre-of-mass 
energies of 161 GeV, 172 GeV and 183 GeV, respectively. The results on TGCs are based 
on analyses of multi-differential cross sections in W-pair, single-W and single-photon produc- 
tion. They include and supersede our previously published results on TGCs [HUTU]. Other 
experiments at LEP and at hadron colliders have also reported results on TGCs [TTVI14J . 

2 Event Selection and Reconstruction 

The event selections used here are identical to those published earlier on W-pair production jH| 
UniEE!, single-W production [1QJ, and single-photon production [T^j. The same signal and 
background Monte Carlo and detector simulations are used. The number of selected events 
and the expected background are reported in Tabled 

^The relations are [Jj: aw$ = Agf cos 2 9 W , ob$ = Ak 7 — Agf cos 2 9 W , and aw = A 7 . 



2.1 W-Pair Events 

Each W boson decays into a fermion and an antifermion, for short denoted as qq or Iv in the 
following. The visible particles in the final state, i.e., electrons, muons, r jets corresponding to 
the visible r decay products, and hadronic jets corresponding to quarks are reconstructed jHJ 
Q3E3- F° r QQQQ an d QQtv events, energy- momentum conservation and equal mass for the two 
W bosons are used as constraints in a kinematic fit to determine the kinematics of all four 
final-state fermions with improved resolution [TH] . 

In the case of qqqq events, a combinatorial ambiguity arises in the assignment of jets to 
W bosons. The four jets are paired to two W bosons following the criterion of smallest mass 
difference between the W candidates, excluding the combination with the smallest sum of W 
masses. On Monte Carlo events, the resulting pairing is found to be correct for 74% of all 
selected qqqq events at \fs = 183 GeV [Tfij . 

Summing over final-state fermion helicities, fixing the mass of the W boson and neglecting 
photon radiation, five phase-space angles completely describe the four-fermion final state from 
W-pair decay for unpolarised initial states. These are the polar scattering angle of the W~ 
boson, 0\y, and the polar and azimuthal decay angles in the rest systems of the two decaying 
W bosons, 9± and <f>±, for the fermion in W~ and the antifermion in W + decay. TGCs affect 
the total production cross section, the distribution of the W-boson polar scattering angle, and 
the polarisations of the two W bosons, analysed in the distributions of the W decay angles. 

For the 161 GeV W-pair data, only the total W-pair cross section is used jH], while at 
higher centre-of-mass energies also distributions in phase-space angles are analysed. For charged 
leptons, the sign of their electric charge determines whether they are fermions or antifermions. 
For hadronic jets, the flavour and charge of the original quark is not measured. Thus, a two-fold 
ambiguity arises in the decay angles of hadronically decaying W bosons. 

In qqqq events the charges of the two pairs of jets are evaluated, based on a jet-charge 
technique jH] , to assign positive and negative charge to the reconstructed W bosons. For events 
with correctly paired jets, the W charge assignment is found to be correct in 69% of all selected 
qqqq events at y/s = 183 GeV. The distribution of the W~ polar scattering angle, 0\y, shown 
in Figure^,, and the total cross section are used for the determination of TGCs. 

In qqlv events the W charge assignment is given by the charge of the lepton. The total 
cross section and the threefold differential distribution in the W" polar scattering angle, 0\y, 
and the two decay angles of the leptonically decaying W boson, 9g and <f>e, are used for the 
determination of TGCs. The corresponding three one-dimensional projections are shown in 
Figures HJo and El 

In Ivlv events two unmeasured neutrinos are present. Knowing the momentum and charge 
of both charged leptons, it is possible to calculate the polar scattering angle of the W~ boson 
up to a twofold ambiguity arising from the solutions of a quadratic equation. This requires 
imposing energy-momentum conservation, fixing the masses of the two W bosons to M\y — 
80.41 GeV [TD] . and neglecting photon radiation. Both solutions are considered, each weighted 
by a factor of 0.5. In two cases the true W polar angle is not reconstructed: (1) if one or both 
of the leptons is a r, the visible lepton energy entering the calculation is not the energy of the 
produced r lepton; (2) if the two solutions are complex, which occurs in 23% of the selected 
Ivlv events, their imaginary parts are dropped. However, the distributions still show sensitivity 
to TGCs. The distribution of the polar scattering angle, 0\y, shown in FigureHh, and the total 
cross section are used for the determination of TGCs. 



2.2 Single- W Events 

If in the process e + e~ — > Wez/ the final state electron is scattered at low polar angles, it escapes 
detection along the beam pipe. Only the decay products of a single W boson are observed. 

Leptonic single-W events, where the W boson decays into a lepton-neutrino pair, are selected 
by requiring a single charged lepton, either electron, muon or r jet, without any other activity 
in the detector (THj. Only the total cross section is used in the determination of TGCs. 

Hadronic single-W events, where the W boson decays into a quark pair, are selected with 
a neural network approach jTUj. After a preselection, several kinematic variables are fed into 
a neural network trained to separate the hadronic single-W events from the dominating back- 
ground of qqiu W-pair events. The total cross section and the distribution of the neural-network 
output variable are used in the determination of TGCs. 

About a third of the hadronic single-W events are also selected by the qqlv W-pair selections, 
see Table [21 mainly qqrv events. In order to avoid double counting, such events are considered 
in the W-pair sample only. This reduces the sensitivity of the single-W sample to TGCs as 
compared to the sensitivity obtained in our published single-W TGC analysis [TO]. However, 
in combination with the W-pair signal the overall sensitivity is expected to be better than that 
achieved when removing the duplicate events from the qqlv W-pair samples. The resulting 
distribution of the output of the neural network is shown in Figure El 

2.3 Single- Phot on Events 

Single-photon events are selected by requiring one energy deposition above 5 GeV inside a po- 
lar angular range from 14° to 166° in the electromagnetic calorimeter with an electromagnetic 
shower shape and without any other activity in the detector ^Tj\. Because of azimuthal sym- 
metry, there are two relevant observables for single-photon events, the energy and the polar 
angle of the single photon. 

The total cross section and the shape of the twofold differential distribution in these two 
observables are used in the determination of TGCs. The corresponding two one- dimensional 
projections are shown in Figure |U The main sensitivity of single-photon events to TGCs occurs 
at high photon energies above those corresponding to the radiative return to the Z. 

3 Fitting Method 

The fitting procedure uses the maximum likelihood method to extract values and errors for 
one or more of the TGCs denoted as \1/ for short in the following. It is similar to the fitting 
procedure used in our analysis for the mass and width of the W boson [TH] . 

For each data event, the fit considers the set of values of the reconstructed observables, 
Q, as discussed in Sections 12.11 12.21 and 12.31 The likelihood is the product of the normalised 
differential cross section, L(Q, \l/), for all data events, calculated as a function of the TGCs \l/ 
to be fitted. For a given final state i, one has: 
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where erf s and a i g are the accepted signal and background cross sections. For the background 
which is independent of the TGCs \1/, the total and differential cross sections are taken from 
Monte Carlo simulations. 



For values \l/fi t varied during the fitting procedure, the ^/-dependent total and differential 
signal and background cross sections are determined by a reweighting procedure applied to 
Monte Carlo events originally generated with TGC values ty gen - The event weights Ri are 
calculated as the ratio: 

RiiPn, *fit,^gen) = -—, — — ^ , (2) 

|M(Pn,*gen)| 

where M.i is the matrix element of the considered final state i evaluated for the generated 
four-momenta p n including radiated photons. For W-pair and single-W events the matrix 
elements as implemented in the EXCALIBUR [20] event generator are used, which include 
all relevant tree-level Feynman diagrams contributing to a given four-fermion final state. The 
reweighting procedure is checked by comparisons with GENTLE [21] and GRC4F [22] cross 
section predictions, especially important in the case of single-W production as GRC4F includes 
the effects of fermion masses. In the case of single-photon production the matrix element 
as implemented in KORALZ [23] is used. The reweighting procedure is tested by comparing 
reweighted distributions to distributions generated with NNGPV [24 at various values of TGCs. 
In all cases good agreement is observed. 

The total accepted cross section for a given set of parameters \l/fi t is then: 

^gen 
^fit) = T^TT-E^U^fit^gen), (3) 

» i 
where af en denotes the cross section corresponding to the total Monte Carlo sample containing 
Nf en events. The sum extends over all accepted Monte Carlo events j. The accepted differential 
cross section in reconstructed quantities Qi is determined by averaging Monte Carlo events 
inside a box in Qi around each data event [2S] : 

<wn..»«) = <L.± TRl(j ^ v ) (4) 

it 7eA 

where Ap is the volume of the box and the sum extends over all accepted Monte Carlo events 
j inside the box. This takes ^-dependent detector effects and ^/-dependent efficiencies and 
purities properly into account. The boxes are constructed in such a way that the Monte Carlo 
events in the box are the 200 events closest to the data point. The box size in each of the 
observables is proportional to the experimental resolution in those variables. 

Extended maximum likelihood fits are performed, including the overall normalisations ac- 
cording to the measured total cross sections. The likelihood is multiplied by the Poissonian 
probability to obtain the numbers of events observed in the data, given the luminosity and the 
expectations for the accepted signal and background cross sections, cr^ lg (\I/ fit ) and cr^ g (\j/ fit ). 

The fitting method described above determines the TGCs without any bias as long as the 
Monte Carlo describes photon radiation and detector effects such as resolution and acceptance 
functions correctly. By fitting large Monte Carlo samples, typically a hundred times the data, 
the fitting procedure is tested to high accuracy. The fits reproduce well the values of the TGCs 
of the large Monte Carlo samples being fitted, varied in a range corresponding to three times the 
error expected for the size of the data samples analysed. Also, the fit results do not depend on 
the values of the TGCs ^ gen of the Monte Carlo sample subjected to the reweighting procedure. 

The reliability of the statistical errors as given by the fit is tested by fitting for each final 
state several hundred small Monte Carlo samples, each the size of the data samples. The width 
of the distribution of the fitted central values agrees well with the mean of the distribution of 
the fitted errors. 



4 Triple-Gauge-Boson Couplings of the W Boson 

In W-pair, single-W and single-photon production, the triple-gauge-boson vertices are tested 
at different momentum-transfer scales Q 2 . For each TGC investigated, the results derived at 
Q 2 = s from W-pair production, at Q 2 = M^ from single-W production, and at Q 2 = from 
single-photon production are in good agreement with each other, as shown in Table El and 
Figure El No Q 2 dependence is observed. Combined results, obtained by adding the individual 
log-likelihood functions as shown in Figure El are reported in Tables El and 01 Compared to 
the current level of statistical accuracy, the Q 2 dependence of the TGCs expected in the SM is 
negligible [3] and is thus ignored in the combination. As a cross check, the method of optimal 
observables |2E1I2Z| is used in the case of qqlv W-pair events at yfs = 183 GeV. Compatible 
results are obtained. 

The statistical errors on TGCs observed in W-pair production are larger than the expected 
statistical errors which are also reported in Table El The large total cross section measured in 
the qqqq W-pair process at y/s = 183 GeV [TH] and the quadratic dependence of the theoretical 
W-pair cross section on the TGCs cause the negative log-likelihood functions for this final 
state to exhibit a two-minima structure. Thus the sum of all log-likelihood functions has a 
smaller curvature than expected with SM cross sections. Expected errors calculated based on 
the observed cross sections agree well with the observed errors. 

Multi-parameter fits of TGCs are also performed, which allow for a more model-independent 
general interpretation of the data. Fits to two of the three C- and P-conserving TGCs g\, k 7 , 
and A 7 , keeping the third fixed at its SM value, as well as a fit to all three of these TGCs are 
performed. In each case the constraints g>f = 0, Akz = Agf — Ak 7 tan 2 9 W and Az = A 7 are 
imposed. A three-parameter fit to the TGCs gf, k 7 and k,z is also performed, now imposing 
the constraints g\ = A 7 = Az = instead. For the four-parameter fit to (k 7 , A 7 , k%, Az), 
the constraints between the 7WW and the ZWW couplings are removed while the constraints 
gf — 1 and g\ = are imposed. The numerical results of all multi-parameter fits to TGCs 
including the correlation matrices are reported in Table EJ 

As an example, the contour curves of 68% and 95% probability derived from fits to two of 
the three C- and P-conserving TGCs gf, k 7 , and A 7 , keeping the third fixed at its SM value, are 
shown in Figure El The contour curves correspond to a change in log-likelihood with respect 
to its minimum of 1.15 and 3.0, respectively. 

4.1 Systematic Errors 

The sources of systematic errors considered include those studied for the W-boson mass and 
width analysis 18 : LEP energy, initial- and final-state radiation, jet and lepton measurement, 
fragmentation and decay, background normalisation and shape, Monte Carlo statistics, fitting 
method, and in the case of the qqqq final state, colour reconnection and Bose-Einstein effects. 
The methods used to evaluate the effects on TGCs are identical. The changes in both the 
central value and the statistical error due to systematic effects are taken into account. 

The systematic errors on TGCs for the different models and processes are summarised in 
Tables El and El In most cases the total systematic error is dominated by the uncertainty in 
the experimental selection efficiencies and the theoretical error of 2% on the total cross section 
predictions. Additional systematic effects arise due to uncertainties in the description of the 
charge confusion affecting the W charge assignment. Systematic errors due to uncertainties in 
the mass and total width of the W boson are small. 



4.2 Results and Discussion 

For the CP conserving but C- and P-violating coupling gf , the following result is obtained when 
all other TGCs are fixed to their SM values: 

g\ = -0.44±°;1 ±0.12. (5) 

The first error is statistical and the second systematic. The result is in agreement with the SM 
expectation of gf = 0. Imposing the constraints gf = 0, Akz = Agf — A/t 7 tan 2 9 W and Az = A 7 , 
three C- and P-conserving TGCs remain. The results of fits to the individual couplings, keeping 
the other two at their SM values, are: 

9l = +1.1133 ±0.10 (6) 

K 7 = +l.ll±g;|i ± 0.17 (7) 

A 7 = +0.10+^ + 0.10. (8) 

The log-likelihood functions for all four one-parameter fits are shown in Figure El The con- 
tribution from W-pair production dominates in the case of gf , g\ and A 7 , while the single- W 
contribution is important for the constraint on k 1 . The hadronic single- W samples also con- 
tribute to the constraints on the ZWW couplings through the remaining couplings-dependent 
qqtv W-pair background. The single-photon samples constrain the 7WW couplings only. 

All single- and multi-parameter TGC results show good agreement with the SM expectation 
and imply the existence of the self coupling among the electroweak gauge bosons. The resulting 
constraints on non-SM contributions to TGCs are significantly improved with respect to our 
previous analyses [8TITU]. 

The measurements exclude a theory by Klein J2HJ, predicting a value of k 7 = —2, by more 
than ten standard deviations. If the W boson were an extended object, e.g., an ellipsoid of 
rotation with longitudinal radius a and transverse radius b, its typical size and shape would be 
related to the TGCs by R w = (a + 6)/2 = (k 7 + A 7 - 1)/M W j2§] and A w = (a 2 - b 2 )/2 = 
(5/4) (k 7 — A 7 — 1)/M W jnnHH2]- The measurements show no evidence for the W boson to be 
an extended object: 

R w = (0.3 + 1.0) -lO" 18 m (9) 

A w = (0.3 + 3.1)- 10" 36 m 2 , (10) 

with a correlation coefficient of —0.26. These results establish the pointlike nature of the W 
boson down to a scale of 10 -18 m. 
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v^ 


183 GeV 


172 GeV 


161 GeV 


Process 


Vdata 


N hg 


Vdata 


N hg 


Vdata 


N hg 


WW -> ivlv 
WW — > ggez/ 
WW — > gg/xz/ 
WW — > ggrz/ 
WW — > qqqq 


54 

112 
108 

77 
473 


9.7 

6.7 

5.7 

10.6 

81.2 


19 
9 

12 
9 

61 


0.6 
0.4 
2.1 
0.3 
12.6 


2 
4 
4 
3 
11 


0.4 
0.2 
0.2 
1.6 

5.1 


Wez/, W — »■ gg 
Wez/, W -> £z/ 


86 
10 


72.6 
3.1 


15 
1 


10.1 

0.4 


7 
1 


5.5 
0.4 


z/z/7 


198 


2.1 


52 


0.3 


59 


0.6 



Table 1: Number of selected data events, N^ ata , and expected background events, A^, g , in 
W-pair, single-W and single-photon production. 



v^ 


Initial 


Overlap with W-Pairs 


Final 


[GeV] 


Sample 


qqev 


qqiiv 


qqrv 


Sample 


183 


86 


2 


9 


27 


48 


172 


15 


1 


— 


3 


11 


161 


7 


— 


— 


— 


7 



Table 2: Number of events selected by the hadronic single-W selection and the overlap with 
the qqiu W-pair selections. Duplicate events are removed from the hadronic single-W samples. 



Process 


Q 2 


g\ 


K"y 


Aj 


al 


e+e" -> WW 


s 


,1 -.0+0.18 
i-l.10_o.i8 

(±0.13) 


+1.00i°;l 

(±0.27) 


+o-ioig;__ 

(±0.14) 


-ft 44+ - 23 

u -^-0.22 

(±0.17) 


e + e~ — > Wez/ 


M^ 


+0.57__:g 

(±0.65) 


-4-1 19+ - 27 
i^ i - iz -0.31 

(±0.34) 


-0 c;?+ 1 - 16 

U - OZ -0.36 

(±0.54) 


-0 ^+ 2 - 24 

u - oo -0.86 

(±1.49) 


e + e~ — > z/z/7 








j_1 o fi +0.96 
i-l.ZD_o.9 6 

(±1.19) 


+o.4ill;l 

(±1.49) 





Combined 


j_1 11+0.19 

(±0.13) 


j_1 11+0.25 
+ i - ii -0.25 

(±0.21) 


+o.io±g:l§ 

(±0.13) 


-0.44±g;ll 

(±0.17) 



Table 3: Results of one-parameter fits to the TGCs gf, « 7 , A 7 , g%, derived from W-pair, single- 
W and single-photon events, and their combination. For each TGC, the other three are set to 
their SM values and the constraints Ak z = Ag\ — Ak 7 tan 2 W and Az = A 7 are imposed. The 
errors are statistical. Expected statistical errors are given in parenthesis. 
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Parameter 


9i 


K>y 


A 7 


«z 


A z 


Two-Parameter Fits 


(#iV 7 ) 


-4-1 11+ - 18 
+ i - ii -0.20 


+i-07±8:i? 


— 


— 


— 


Corr(gf) 


1.00 


-0.24 


— 


— 


— 


(<?i Z ,A 7 ) 


j_1 1O+0.23 


— 


-o.o8i8_5 


— 


— 


Coii(gf) 


1.00 


— 


-0.78 


— 


— 


(k 7 ,A 7 J 


— 


+ 1 02+ - 30 


+o.o9l8:_? 


— 


— 


Corr(/t 7 ) 


— 


1.00 


-0.35 


— 


— 


Three-Parameter Fits 


[g 1 ,Kj,Aj) 


+o.97_S:|. 


+1-0718:1? 


, r, i O+0.28 
H-U.iO_o.39 


— 


— 


Corr(g z ) 


1.00 


-0.21 


-0.80 


— 


— 


Corr(/t 7 ) 


-0.21 


1.00 


0.04 


— 


— 


Corr(A 7 ) 


-0.80 


0.04 


1.00 


— 


— 


(gf,K^,Kz) 


+1.80_?;| 


i 1 f|7+0.23 
i-l.U/_o.24 


— 


_i_0 41 + 1 - 16 

-1-U.41_o.53 


— 


CoTi(gf) 


1.00 


0.07 


— 


-0.57 


— 


Corr(/t 7 ) 


0.07 


1.00 


— 


-0.29 


— 


Corr(Kz) 


-0.57 


-0.29 


— 


1.00 


— 


Four-Parameter Fit 


(/t 7 ,A 7 ,/tz,Az) 


— 


-4-1 9n +0 - 37 

i-l.ZU_o.26 


+o.42±g:l| 


,i 9O+0.40 
-t-l.ZO_o.42 


-n 4fi+ - 26 

u -^°-0.34 


Corr(+ 7 ) 


— 


1.00 


-0.35 


-0.29 


-0.30 


Corr(A 7 ) 


— 


-0.35 


1.00 


-0.10 


-0.05 


Corr(ftz) 


— 


-0.29 


-0.10 


1.00 


-0.26 


Corr(Az) 


— 


-0.30 


-0.05 


-0.26 


1.00 



Table 4: Results on the C- and P-conserving TGCs derived from the two- and three-parameter 
fits to (gf,K y ), (gf,Xy), (+ 7 ,A 7 ), and (gf, « 7 , A T ), imposing the constraints g\ = 0, A/t z = 
Ag\ — A« 7 tan 2 ^ and Az = A 7 ; from the three-parameter fit to (gf, k^,Kz) imposing the 
constraints gf = A 7 = Az = 0; and from the four-parameter fit to (« 7 , A 7 , Kz, Az) imposing the 
constraints <?f = and gf — 1. The matrices of correlation coefficients are also given. The 
errors are statistical, combining all processes. 
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Process 


9i 


ACry 


A-y 


9l 


WW 
Wez/ 
z/z/7 


0.10 
0.33 


0.39 
0.26 
0.90 


0.08 
0.32 
0.99 


0.12 
0.86 


Combined 


0.10 


0.17 


0.10 


0.12 



Table 5: Systematic errors in the determination of the TGCs gf, « 7 , A 7 and g\ for the individual 
processes and their combination. For each TGC, the other three are set to their SM values and 
the constraints Akz = Agf — Ak 7 tan 2 W and Az = A 7 are imposed. 



Process 


9i 


K<y 


A 7 


«z 


Az 


WW 
Wez/ 
z/z/7 


0.09 
0.35 


0.46 
0.32 
0.90 


0.10 
0.50 
0.99 


0.25 
0.50 


0.10 
0.63 


Combined 


0.10 


0.28 


0.10 


0.23 


0.11 



Table 6: Systematic errors in the determination of the TGCs gf, k 7 , A 7 , k,z and Az for the 
individual processes and their combination. For each TGC, all other TGCs, including gf , are 
set to their SM values. 
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Figure 1: Distributions of the reconstructed polar scattering angle, cos6\y, of the W~ boson 
in W-pair events for a) qqqq, b) qqiu, c) ftvUv events. The data collected at yfs = 183 GeV are 
shown, together with the expectations for the SM (gf = 1), and for anomalous TGCs (gf = 
or 2). For ivlv events, both solutions enter with a weight of 0.5. 
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Figure 2: Distributions of the reconstructed W decay angles in qqlv W-pair events, a) cos^ 
and b) fa. The data collected at y/s = 183 GeV are shown, together with the expectations for 
the SM (gf = 1), and for anomalous TGCs, (gf = or 2). The <p£ distribution for W~ decays 
is shifted by n in order to have the same (j)g distribution for W~ and W + decays. 
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Figure 3: Distribution of the output of the neural network used in the selection of hadronic 
single-W events. The data collected at y/s = 183 GeV are shown, together with the expectations 
for the SM (/c 7 = 1), and for anomalous TGCs (/c 7 = or 2). The background expectation 
is separated into TGC-dependent W-pair background and other background independent of 
TGCs. 
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Figure 4: Distributions of a) the energy, E 1 , and b) the polar angle, 7 , of the photon in single- 
photon events. The data collected at ^/s = 183 GeV are shown, together with the expectations 



for the SM 



, Kt 



1), and for anomalous TGCs 



, H"\ 



-4 or 6). The main sensitivity of 



single-photon events to TGCs occurs at large photon energies. 
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Figure 5: Negative log-likelihood functions (statistical errors only) for one-parameter fits to 
the TGCs a) gf , b) gf, c) k 7 and d) A 7 . The constraints Akz = Agf — Ak 7 tan 2 9 W and Az = A 7 
are imposed. 
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Figure 6: Contour curves of 68% and 95% probability for the two-parameter fits to the TGCs 
a) gf and k 7 with A 7 = 0, b) g\ and A 7 with « 7 = 1, c) k 7 and A 7 with gf = 1. The constraints 
gf = 0, Akz = Agf — Ak 7 tan 2 9 W and Az = A 7 are imposed. 
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